Introduction
Consider a piece of material that has non-zero conductivity and has two ohmic contacts at both sides. An electric current is injected into the material from one of the contacts and extracted from the other as a finite voltage difference is maintained between them. Because there are usually many positive and negative charges that are equal in number in the material, the injected small amount of charge is immediately compensated by the background charges and by the charges from the extraction contact to achieve quasi-neutrality, which results in the uniform electric field in the material [1] . The conventional free electron model describes that the electrons have constant drift velocity and the external magnetic field perpendicular to the current does not affect the two-terminal resistance between the contacts [1] . Now what happens when more electrons are injected to break the quasineutrality? The accumulation of the injected electrons, namely the space-charge effect [2] [3] [4] , occurs to generate an electric field unevenly distributed inside the material. The motion of the electrons is no longer trivial; the absence of the compensating charges makes the electrons correlate with each other via the unscreened Coulomb interaction such that their velocity becomes dependent on the local electric field and hence on their trajectory. The Hall field that is generated by the carrier motion in the magnetic field in the broken quasi-neutrality is expected to be very different from the simple Hall field that the conventional free electron model describes. Although it is naively expected that in this regime the modification of the electron trajectory by the magnetic field may result in an unusual electron transport such a possibility has never been explored, where we have found large magnetoresistance in silicon. In this experiment we used n-type silicon substrate (n-Si) that is lightly doped with phosphorus, and intrinsic silicon substrate (i-Si) supplied by Furuuchi Chemical Corporation. The nominal resistivities of n-Si and i-Si substrates are 10-20 !cm and > 1,000 !cm at room temperature, respectively. The carrier density of n-Si at 25 K and i-Si substrates at 300 K are n = 2.73 × 10 11 cm -3 and n = 1.78 × 10 12 cm -3 , respectively. The mobilities (!) of n-Si at 25 K and i-Si at 300 K are ! = 2 × 10 4 cm 2 V -1 s -1 and ! = 1,300 cm 2 V -1 s -1 , respectively. We fabricated the ohmic In/n-Si/In and In/i-Si/In devices by soldering and alloying indium directly to the silicon substrate at 350ºC for five minutes, and measured its magnetotransport properties in current-in-plane configuration via two-terminal method. The magnetic field is applied perpendicular to the current direction. The device structure and measurement setup is schematically shown in the figure 1. For the detailed description of the experiment see reference [5] . Figure 2a shows the typical current-voltage (I-V) characteristics of In/n-Si/In device as a function of magnetic field at 25 K. The I-V curve for H = 0 T (solid line) shows three different transport regimes; linear (|V| < 1 V), nonlinear (3 V< |V| < 50 V), and breakdown (|V| > 64 V) regimes. The crossover from the linear to the nonlinear regime at larger values of V indicates that the device is in the spacecharge regime. As V increases, the injected carrier density starts to exceed the original carrier density of the silicon to cause the electrons to accumulate around the injection contact [2] [3] [4] . Instead of Ohm's law, the electric field induced by the space-charge determines the current so as to satisfy the current continuity and Poisson equations. The high mobility and low carrier density favor this phenomenon [5] . Actually, the I-V curve at 3 V < |V| < 50 V obeys the Mott-Gurney law, given by J = 9"!V 2 /8L 3 , which holds for unipolar space-charge-limited transport [2] [3] [4] (J is the current density, " is the dielectric constant of silicon, ! is the mobility and L is the distance between the contacts (see figure  1) ). Above the Mott-Gurney regime the I-V curve shows breakdown at ~ 64 V as the electric field created by the bias voltage and the accumulated space-charge exceeds the threshold that the device can sustain. The application of magnetic field perpendicular to the device decreases the current at a fixed bias voltage as shown in figure 2a . This results in the positive magnetoresistance ratio MR(H) = [R(H) -R(H = 0)]/R(H = 0) = "R/R, where R(H) is the two-terminal resistance (V/I) at magnetic field H. Surprisingly, the MR in the Mott-Gurney regime is larger than that in the Ohmic regime. As shown in figure 2b , in the Mott-Gurney regime MR is ~ 700 % at 3 T at V = 20 V, which is almost four times larger than that in the Ohmic regime at V = 0.2 V. The magnetoresistance is much reduced when the magnetic field is applied parallel to the current direction, indicating that the present effect results from the orbital magnetoresistance [5] . Furthermore, as the magnetic field increases the breakdown voltage is suppressed by the magnetic field making the device more resistive, and the breakdown voltage is shifted to higher voltages. As a result, MR # 3,000 % for V = 63.5 V at 3 T just before the breakdown. Figure 2b shows the MR as a function of H for various bias voltages at 25 K. The MR(H) is increasing with increasing V, which indicates that the space-charge effect induces the MR.
Experimental

Results and Discussion
The observed results have been confirmed as the effect of electron transport through the silicon by measuring the internal voltage differences between voltage probes in multi-probe silicon device [5] . The measurement reveals that in the space-charge transport regime the voltage differences is proportional to x 3/2 in agreement with the Mott-Gurney theory [2] [3] [4] that the electric field is spatially distributed in proportion to x 1/2 owing to the electrons around the injection contact. Moreover, the magnetoresistance measurement of the multi-probe silicon device reveals that the MR increases linearly and in a non-saturating behavior against H in the space-charge regime [5] . This indicates that inhomogeneity induced in the Mott-Gurney regime by the broken quasi-neutrality is responsible for the large MR effect [5] . It is known that inhomogeneous semiconductors exhibit non-saturating and linear positive MR effect caused by the current distortion in the magnetic field due to the inhomogeneity [6] [7] [8] [9] [11] [12] [13] . Recently, large MR effect was reported to occur in boron-doped silicon with Schottky contacts at low temperature [14] , for which the impact ionization at the Schottky barrier is responsible as proposed in reference [15] . The mechanism we proposed to explain our results based on the space-charge effect is different. Figure 3 shows the resistance as a function of temperature, R(T), for H = 0 and 3 T. To address the wide temperature range, the data was obtained for the constant current condition (0.2 mA). Above 40 K, the R(T) under H = 0 and 3 T shows no significant difference. On the other hand, below 40 K the two resistance curves separate into two distinct curves and significant MR effect is measured in this regime. The two R(T) curves only separate when the value of the carrier density of the silicon (righthand scale) is below ~ 10 13 cm -3 . This result corroborates the proposition that space-charge effect induces the MR effect because space-charge effect favors materials with low carrier density.
On the basis of the above arguments, a similar effect is expected to occur at higher temperature if the carrier density is low and the mobility is high. Figure 4 shows the I-V characteristics of In/i-Si/In device at 300 K for various applied magnetic fields. At H = 0 T, the device shows ohmic behavior at low bias voltages but the behavior changes for V > 20 V, indicating space-charge-effect. In this regime the current is significantly suppressed by the magnetic field, similar to that in the In/n-Si/In device. Further increase in V induces breakdown in the device and the breakdown voltage shows significant magnetic field dependence that it shifts with increasing H. The MR exceeds ~ 1000 % at 3 T just before the breakdown at 71.2 V. The MR ratio curve around the breakdown voltage is not linear in H and is very sensitive to the bias voltage that determines the internal electric field.
Conclusion
We have shown that space-charge effect can induce large positive magnetoresistance in silicon. The size of the effect is very large that the MR is in the order of 1000 % for different temperature ranges. The magnetic field dependence of the magnetoresistance shows that it is linear and non-saturating, which suggests that inhomogeneity is important in understanding the present MR effect in silicon. Technologically, this unusually large MR effect in silicon can be utilized to develop advanced siliconbased magnetoelectronics technologies.
